This paper presents a new empirical model to simulate the Madden-Julian oscillation (MJO), which is the most prominent mode of tropical intraseasonal variability. Zonal wind components at 850 and 200 hPa from reanalysis and outgoing longwave radiation from satellites are used to identify MJOs and characterize their statistical properties.
Introduction
The Madden-Julian oscillation (MJO) is the most prominent mode of tropical intraseasonal variability (Lau and Waliser 2005; Madden and Julian 1994; Zhang 2005) . The oscillation is confined to the global tropics and propagates eastward with phase speeds on the order of 5-10 m s 21 and horizontal structures dominated by zonal wavenumbers 1-4 (Hendon and Salby 1994) . The MJO influences the monsoons in Asia, Australia, and Americas (Goswami and Mohan 2001; Higgins and Shi 2001; Jones and Carvalho 2002; Nogues-Paegle et al. 2000) . This modulation has been shown to affect rainfall and extreme events in many locations around the world (Carvalho et al. 2004; Higgins et al. 2000; Jones 2000; Jones et al. 2004b; Mo and Higgins 1998) . Since the MJO involves intense tropical convective heating anomalies (Kiladis et al. 2005) , tropical-extratropical interactions are significant during its life cycle. Previous investigations have shown modulation on weather forecasts skills (Ferranti et al. 1990; Hendon et al. 2000; Jones and Schemm 2000; Lau and Chang 1992) and potential predictability (Jones et al. 2004a,b; Waliser et al. 2003) .
On time scales longer than the seasonal cycle, many studies have demonstrated that the MJO shows large year-to-year variations (Lau and Waliser 2005) . Because the passage of MJO events over the western Pacific can modify the thermocline structure in the eastern Pacific via westerly wind bursts (Hendon et al. 1998; Kessler et al. 1995; McPhaden and Taft 1988) , this latter interaction has been suggested as important in the evolution of El Niñ o-Southern Oscillation (ENSO) (Hendon et al. 2007; Lau 2005; McPhaden 1999 McPhaden , 2004 . This has motivated the idea that the MJO can act as stochastic forcing and may explain part of the ENSO irregularity (e.g., Batstone and Hendon 2005; ZavalaGaray et al. 2003 ZavalaGaray et al. , 2005 .
Although substantial advancement has been made since the discovery of the MJO, the oscillation continues to present significant challenges for the research community (e.g., Lau and Waliser 2005; Zhang 2005) . While different mechanisms have been proposed (Wang 2005) , a comprehensive theory that can fully explain the initiation, maturing, decay, and time variability of the oscillation is still missing. Moreover, numerical weather prediction and climate models do not realistically represent all the fundamental characteristics of the MJO (Jones et al. 2000; Seo et al. 2005; Slingo et al. 2005 Slingo et al. , 1996 Sperber et al. 1997) .
Given the difficulty in forecasting the MJO, previous studies have developed empirical methods and proven useful in predicting the evolution of the oscillation [see Jones et al. (2004c) and Jiang et al. (2008) for detailed reviews]. Because of the predictive nature of these models, however, the evolution of the MJO is in general accurate up to about 15-25 days lead time and simulation of more than one event is not attained. This paper presents a new empirical model to simulate the MJO. Rather than focusing on forecasting the oscillation, the main objective here is to discuss an empirical model that simulates MJO variability. In its current version, the model is especially interesting to simulate the irregular temporal behavior of the MJO, which is characterized by occurrences of isolated events or sequences of successive events with different eastward propagations and durations. The datasets used in this study are described in section 2 and identification of MJO events in the historical record is discussed in section 3. Section 4 explains the details of the model and its performance is evaluated in section 5. Section 6 discusses particular characteristics of the MJO and outlines future extensions in the model.
Data
The primary dataset used in this study is the National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis (NNR) (Kalnay et al. 1996; Kistler et al. 2001) . Daily averages of the zonal wind components at 850 hPa (U850) and 200 hPa (U200) were used for the period 1 January-31 December 1948-2007. It is opportune to point out that, although the NNR data are derived with a fixed global numerical model and data assimilation system, significant changes in the observational system occurred in the historical record (Kistler et al. 2001) . In general, interannual changes in the MJO based on NNR are consistent with the 40-yr European Centre for Medium-Range Weather Forecasts (ECMWF) ReAnalysis (ERA-40; Slingo et al. 2005; Jones and Carvalho 2006) . To complement the analysis, daily averages of outgoing longwave radiation (OLR; Liebmann and Smith 1996) during 1 January-31 December 1979-2007 were used to characterize the convective signal associated with the MJO.
Daily climatologies of OLR, U850, and U200 were computed by first averaging the fields on each calendar day and then smoothing the resulting time series with 300 passes of a 1-2-1 moving average. Next, the daily climatologies were subtracted from the original time series to remove the annual cycle. To isolate the MJO signal, the time series were detrended and filtered in frequency domain to retain variations between 20 and 200 days. This procedure follows Matthews (2000) , who determined that the wide 20-200-day band more accurately represents isolated MJO events. Since the focus of this work is on developing a stochastic model of the MJO, OLR, U850, and U200 intraseasonal anomalies were analyzed in the global tropics (158S-158N; all longitudes).
Identification of the MJO during 1948-2007
The first step in developing the stochastic model consisted in identifying MJO occurrences in the historical record. This was accomplished by averaging U200 and U850 anomalies in latitude (158S-158N) and performing a combined empirical orthogonal function (EOF) analysis of the correlation matrix (Wilks 1995) . The percentages of the total variance explained by the first five EOFs were 23.8%, 19.5%, 8.5%, 6.8%, and 4.8%. The first two EOFs are significantly separated from the remaining ones, assuming a separation scale of 50 days and following the method proposed by North et al. (1982) . Figure 1 shows the spatial structures of the first two EOFs, and they are in agreement with similar analysis carried out by Wheeler and Hendon (2004) . Several previous studies have shown that EOF1 and EOF2 represent the bulk of the MJO variability (e.g., Jones and Carvalho 2006; Pohl and Matthews 2007) . While the third EOF can sometimes be separated from the fourth and might be important in interannual shifts in the eastward propagation of the MJO (Kessler 2001) , the actual initiation of MJO events is well represented by EOF1 and EOF2. This issue was further confirmed by analyzing MJO occurrences during significant ENSO events (not shown).
Next, we considered the phase diagram based on the first two normalized principal components (PC1, PC2) used by Wheeler and Hendon (2004, see their Fig. 7) . In this study, an MJO event was defined when 1) the phase angle between PC1 and PC2 systematically rotated anticlockwise, indicating eastward propagation at least to phase 5 (Maritime Continent); 2) the amplitude (PC1 2 1 PC2 2 ) 0.5 was always larger than 0.35; 3) the mean amplitude during the event was larger than 0.9; and 4) the entire duration of the event lasted between 30 and 90 days. The upper bound of 90 days was used to include MJO events with long durations, especially those that propagated to the western/central Pacific and remained active in those regions for several days. Based on these conditions, all MJO events identified in this study started in phases 1-4, propagated eastward, and ended in phases 4-8 (i.e., isolated events) or restarted from previous MJO occurrences (i.e., successive events; phase continues from 8 to 1). Examples are discussed in section 4. Finally, we note that different criteria can be set to identify the MJO (Jones et al. 2004d) . While the MJO typically starts in the Indian Ocean and Indonesia, Matthews (2008) , for example, investigated the occurrence of primary and successive MJOs and observed that some cases can start farther east in phases 5-8. Since the majority of the cases identified in this study unambiguously started in phases 1-4, the results of this study are not expected to be sensitive to small changes in the number of MJO occurrences. A total of 230 MJO events were identified during 1948-2007. Figures 2 and 3 show composites of U200 and U850 anomalies and depict the life cycle of the MJO. To complement the analysis, Fig. 4 shows composites of OLR anomalies based on MJO events during 1979-2007. Finally, we point out that the process of averaging the U200 and U850 anomalies in the band 158S-158N before computing the combined EOF analysis emphasizes the year-round equatorial manifestation of the MJO (Wheeler and Hendon 2004) . As is discussed further in the next section, this implies that the MJO activity determined with this method has small seasonal variations, although they are still present.
Based on these events, the frequency distribution of MJO durations has positive skewness and is shown in Fig. 5 (top) . It indicates a mean duration of 49 days, a standard deviation of about 14 days, and minimum and maximum durations of 30 and 88 days, respectively. In addition, for each MJO event, the mean phase speed during its life cycle was estimated in the following way. First, the equatorial centers of convective anomalies shown in the mean composites (Fig. 4) and 5.1 m s 21 , respectively. Evidently, it should be noted that each event may propagate faster/slower than the mean phase speed throughout its cycle. This simple procedure to compute mean phase speed is used here only to evaluate the performance of the homogeneous stochastic model.
Model development
We now describe in detail the stochastic model of the MJO. For any given occurrence of an MJO event, there are essentially three main characteristics that need to be represented: 1) the temporal variability, which includes initiation, evolution, and termination of the event; 2) spatial structure; and 3) intensity during the life cycle. A novel approach adopted in this study is that these three characteristics are stochastically modeled separate from each other. The reasons for doing this, advantages, and extensions in future work are discussed in section 6.
a. Temporal variability of the MJO
The temporal variability of the MJO was modeled based on a Markov chain approach (Wilks 1995) . To illustrate the main ideas first, we consider the simplest case of a two-state system in which a discrete variable X t can assume only two values: 0 and 1. The variable X t could be, for example, a daily time series with X t 5 0 if the MJO is quiescent and X t 5 1 if the oscillation is active, where t 5 1 , . . . , N number of days. Since the MJO has a typical time scale of 30-60 days, it is clear that X t would have clusters of consecutive ones separated by clusters of zeros. A two-state homogeneous first-order Markov chain represents the transitions between states 0 and 1 with a set of conditional probabilities such that P{X t11 |X t , X t21 , . . . , X 1 } 5 P{X t11 |X t }. This Markovian property states that the probability of a future value X t11 is conditioned only on the current state X t . In this example, four transition probabilities are possible: P{X t11 5 S j |X t 5 S i }, where S j 5 [0, 1] and S i 5 [0, 1]. These are also indicated as P 00 , P 01 , P 10 , and P 11 , where the first subscript indicates the state at time t and the second subscript at time t 1 1. Furthermore, the model is homogeneous because P{X t11 5 S j |X t 5 S i } does not vary in time. Statistical tests based on Akaike information criterion (AIC) and Bayesian information criterion (BIC) (not shown) indicated that a two-state first-order Markov chain is the best fit to model the transitions between active and quiescent MJO. Additional details about Markov models are discussed in Wilks (1995) . The two-state Markov model, however, only provides information on whether the MJO is active. To model the full range of temporal evolution of the MJO, we consider a discrete time series X t in which nine states are possible. State 0 corresponds to days when the MJO is quiescent; states 1-8 when it is active and in one of the eight phases defined by PC1 and PC2, that is, the phases shown in the MJO composites (Figs. 2-4) . The time series X t was derived from the identification of MJO events previously explained (N 5 21 915 days in .
The temporal variability of the MJO was modeled using a nine-state first-order Markov model. In this case, 81 conditional probabilities need to be estimated: . The conditional probabilities therefore determine transitions from situations of non-MJO to MJO (and vice versa) and transitions through the eight phases that characterize its life cycle. For instance, P 01 is the conditional probability that the MJO will initiate at phase 1 at X t11 given that it is quiescent at X t . Here P 01 is estimated as P 01 5 number of ones following zeros/total number of zeros; likewise for the other conditional probabilities (see Wilks 1995 for additional details).
Before discussing additional details of the model, it is important to consider the sensitivity in estimating P ji from the observed record of MJO activity. The first estimate used the entire record 1948-2007 (Table 1, top) . The first value on the top left, for example, indicates P 00 5 0.986 427 and shows the tendency for the system to remain in the state of quiescent MJO (values were computed in double precision but shown here rounded to 6 decimal digits). The conditional probabilities of initiation of MJOs are given by the additional values on the first row (P 01 , P 02 , P 03 , and P 04 ) and indicate that the MJO in this model can start in phases 1, 2, 3, and 4. This type of MJO initiation is considered a ''primary'' event, since the oscillation starts from a quiescent phase. Once an MJO event starts, P ji values to remain in the same phase are given in the main diagonal (P 11 , P 22 , . . . , P 88 ) and also reveal high persistence. Likewise, conditional probabilities of eastward (westward) propagation are displayed on the upper (lower) diagonal. As expected, P ji is always higher for eastward propagation than westward propagation. The westward propagation simply indicates that the MJO can retrograde to lower phases, usually for a few days. Moreover, FIG. 5 . Frequency distributions of (top) observed MJO periods and (bottom) mean phase speeds.
P ji values equal to zero indicate that the MJO cannot ''jump'' across nonadjacent phases. The conditional probabilities of termination of MJO events are given by the values in the first column (P 40 , P 50 , P 60 , P 70 , and P 80 ) and show that events can end in phases 4, 5, 6, 7, and 8. Finally, it is interesting to see that the conditional probability of initiation of an MJO following a previous event is P 81 5 0.085 233 (i.e., successive MJOs). Jones and Carvalho (2006) characterized the activity of the MJO in the historical record and showed that the MJO exhibits regime changes on low-frequency time scales. Therefore the sensitivity in estimating P ji is an important issue. The estimation of P ji was also computed in three other sampling intervals (Table 1 ). This division is arbitrary but separates the reanalysis record in the presatellite era , ''moderate uncertainty '' record (1958-78) , and satellite era . Although some of the differences in P ji might appear small, in fact even differences in the third to sixth decimal digits may introduce biases in the model. For example, using P ji estimates from the entire record resulted in model biases on the order of 10%-20% in the number of annual MJOs, as is further explained in section 5.
To further investigate the sensitivity above, Fig. 6 shows the estimation of P ji values of initiation, termination, and initiation of successive MJOs in moving samples from 30 to 5 yr. Each sample size window was 1948-2007, 1948-78, 1958-78, and 1979-2007 . The first row on top and the columns on the left indicate the states at X t11 and X t , respectively. See text for additional explanation.
Transition probabilities 
slid across the data record and P ji values computed. The vertical bars indicate the median, minimum, and maximum P ji values obtained in the moving windows. One observes large ranges in P ji as the size of the windows decrease (;10-5 yr). This demonstrates variations in MJO activity across the data record associated with interannual variations in the oscillation. Since the 30-yr window has in general small spread, the mean P ji values obtained in that window were used in the homogeneous stochastic model (Table 2 ). 1) The model is initialized at phase S 5 0 (i.e., quiescent MJO). An algorithm for uniform random numbers (r) continuously generates r 2 [0, 1], which is compared with the conditional probabilities in Table 2 until an MJO event initiates; that is, a transition occurs from S 5 0 to S 5 [1, 2, 3, or 4] (Fig. 7) . 2) Once an event starts, a duration T k 2 [30, 90] days is randomly generated from a gamma probability distribution function (pdf) fitted to the observed durations of MJOs (Fig. 5, top ). This step specifies that the given event will last T k days. 3) Random numbers r are generated and compared against P ji values in Table 2 . The system then follows transitions through the eight MJO phases until the duration of T k days is reached. If a transition attempts to terminate the event before the duration T k days is reached, new r values are picked until it continues the transitions through the eight phases. If the duration T k days is reached and the system is in phase S 5 4, 5, 6, or 7, the system returns to S 5 0, since these are the only possibilities (Fig. 7) . If the system is in phase S 5 8 when T k days is reached, the system can return to S 5 0 or S 5 1 depending on the value of r. This situation can initiate a successive MJO event.
As an example of the temporal behavior of the MJO, Fig. 8 (top) displays the observed phase evolution during a 700-day record and shows that the oscillation sometimes appears as sequences of events briefly separated by a few days (day 70-180), isolated events (day 330-370), or a series of successive events (day 470-660). Given the slow eastward propagation, the MJO can also stay in the same phase for several days and even retrograde to previous phases as the event on day 70-125 shows (Fig. 8, top) . To illustrate that the homogeneous stochastic model is able to simulate MJO variability with similar behavior as the observations, Fig. 8 (bottom) shows an arbitrary 700-day record of phase evolution. Similarly, Fig. 9 shows the number of MJO events per calendar year and demonstrates that interannual variations in the MJO obtained with the stochastic model are significant.
c. Spatial structure and intensity of the MJO
Once the temporal evolution of the MJO is simulated with the procedure explained above, the second component of the model determines the spatial structure. Given the time series of simulated phase transitions (X t-simul ), the spatial structures of OLR, U200, and U850 anomalies from the observed phase composites (Figs. 2-4 ) are assigned to each phase S of X t-simul , where S 2 [1, 8] . Note that additional fields associated with the three-dimensional structure of the MJO could be generated at this point of the simulation as well, since they are available from the observations (Kiladis et al. 2005; Sperber 2003 ). For example, the simulation could include surface wind stress anomalies assigned to X t-simul , S 2 [1, 8], which could be useful to investigate the importance of the MJO as stochastic forcing of thermocline variability in the tropical Indian and Pacific Oceans (Zavala-Garay et al. 2005) .
The third component of the model assigns amplitudes to the MJO events. In this first version of the homogeneous stochastic model, this is accomplished by generating an amplitude factor (A) such that A 5 1 1 fac 3 G, where G is a Gaussian random number with zero mean and standard deviation equal to 1; fac is an adjustable parameter. The time series of amplitude factor (At) is then multiplied to the fields of OLR, U200, and U850 anomalies generated from the first two components of the model. For the simulations presented here, we have arbitrarily chosen fac 5 0.1. This implies that the amplitude factor has a Gaussian frequency distribution with mean equal to 1 and minimum and maximum ranges of about 0.53 and 1.51, respectively. Therefore, each MJO event can be ;47% (51%) weaker (stronger) than the ''canonical'' MJO (Figs. 2-4) .
It is appropriate at this point to mention a few details about the model. Each time the system changes from quiescent to an active MJO state (or initiation of successive events), a duration for the event is randomly selected and imposed on the overall transitions. This step is essential. It is easy to imagine that, if the Markov chain is allowed to run freely, events shorter (longer) than the observed MJO could happen just by chance. For example, an event could start in phase 1, propagate to phase 8, and end in just 8 days. Likewise, just by chance, an event could take 1000 days to propagate in phases 1-8 before terminating. Both scenarios are possible from a statistical point of view, but unrealistic for MJO time scales.
Second, the amplitude of the event in this current version remains constant throughout the life cycle. Likewise, the spatial structure remains constant when the MJO remains in the same phase for a few days. These two aspects can be easily modified by adding Gaussian noise to the amplitude factor and spatial structures of the events as they evolve. Similarly, Gaussian noise can be assigned to those days when the MJO is quiescent.
In summary, MJO events generated by the homogeneous stochastic model occur irregularly in time and can appear as isolated events or as successive MJOs. The oscillations in the model can have different zonal propagations; that is, the MJO can start in any of the phases 1-4 (i.e., Indian Ocean to Indonesia), propagate eastward, and end in any of the phases 4-8. The zonal scale of MJO events is consistent with the observations, as the spatial structure is assigned from observed composites. Moreover, MJOs in the model have different durations lasting between 30 and 90 days, and each event can be stronger or weaker than the mean composite according to a normal distribution.
Model performance
In this section, we evaluate the performance of the homogeneous stochastic model with emphasis on the simulation of the temporal variability and eastward propagation of the MJO. A simulation with 1000 members was performed with each member running 60 yr for easy comparison with statistics obtained from NNR. Figure 10 shows the frequency distribution of the durations of the MJOs simulated by the model. Evidently, this frequency distribution is consistent with the observations, since the model specifies the durations based on the fitted gamma distribution (Fig. 5, top) . The main point here is to show the total number of MJOs simulated by the model (N 5 217 625) and to emphasize that these events occurred irregularly in time as isolated or sequences of successive MJOs.
The frequency distribution of mean phase speeds of simulated MJOs is shown in Fig. 11 and can be compared against Fig. 5 (bottom) . A very good agreement is seen between simulation and observed values as summarized by means, standard deviations, and maximum values. The minimum mean phase speed in the simulation is zero because in eight cases out of 217 625 events, the MJO started in phase 4, propagated eastward to the western Pacific, retrograded westward, and ended in phase 4.
Another way of investigating the temporal behavior of the MJO is to examine the frequency distribution of MJO episodes. An episode is defined here as the interval of time in which the MJO was active, which can be a single event (e.g., day 330-370; Fig. 8, top) or several successive events (e.g., day 470-660; Fig. 8, top) . Figure 12 (top) displays the frequency distributions for observations and model simulation. The observations (clear bars) indicate that about 42% and 35% of the episodes lasted 1-50 days and 50-100 days, respectively. Furthermore, the observations indicate that a significant portion (;23%) of the episodes occurred as series of successive events lasting more than 100 days each; in some rare occasions longer than 300 days. The model simulates a similar frequency distribution with the largest difference (13%) for episodes lasting between 1 and 50 days.
Alternatively, frequency distributions of durations of interval between MJO episodes (i.e., quiescent episodes) are shown in Fig. 12 (bottom) for observations (clear bars) and model simulation (solid). The observations indicate that ;46% and ;30% of quiescent episodes lasted 1-50 and 50-100 days, respectively. About 24% of observed quiescent episodes lasted longer than 100 days; in rare occasions the MJO was inactive for long periods of time. Likewise, the model simulates similar type of variability and the largest difference (;5%) occurs for quiescent episodes lasting 50-100 days. The statistics shown in Fig. 12 indicate that the temporal variability of the MJO in the homogeneous stochastic model is in agreement with observations.
The observed frequency of active MJO days throughout the year is shown in Fig. 13 (solid) and it was obtained by computing, for each calendar day, the number of times the MJO was active and dividing by the total number of years (a 15-day moving average was also applied). As discussed before (section 3), the identification of events was achieved by averaging the anomalies around the equator before the computation of EOF to emphasize the equatorial activity of the MJO. This procedure minimizes seasonal variations, but a small seasonal cycle is still noticeable, with higher frequencies in boreal winter and spring than in summer. The observed mean daily frequency is 0.51. The daily frequency of active MJO in the model simulation is also shown (dashed). As expected, since the stochastic model is homogeneous, the probability of occurrence of MJO is nearly uniform throughout the year. In section 4, the importance of properly estimating the transition probabilities was commented on. For example, using P ji estimated with the entire data record (Table 1, top) would introduce a difference between observed and model daily frequencies on the order of 10%-20%. In contrast, P ji estimated with the procedure discussed previously (Table 2 ) results in very small model bias.
The frequency distribution of amplitude factors generated for the 1000-member simulation is displayed in Fig. 14. In this particular case, each MJO event can be up to 48% (51%) weaker (stronger) than the mean composites (Figs. 2-4) . To illustrate an example of simulation, Fig. 15 (top) shows time series of phase evolution (X t-simul ) for an arbitrary 500-day record and indicates a total of four MJO events with different temporal behaviors. The amplitude factors are also shown on top of each event. After an initial quiescent period, the model simulated one event, a break in activity, an episode with two events, another break, and one isolated event. We also note that the duration of each MJO event was different and lasted between 30 and 90 days. Figure 15 (bottom) displays time versus longitude evolutions of OLR, U200, and U850 anomalies indicating eastward propagations. Moreover, the plot also shows that MJOs in the model can start and end in different phases.
The behavior of the MJO in the homogeneous stochastic model can be further evaluated in the ensemble mean spectra of OLR, U200, and U850 anomalies along the equator (Fig. 16) . Spectral peaks in eastward-propagating wavenumbers 1-4 and periods between 30 and 90 days are noticed, which are consistent with the observed structure of the MJO (e.g., Hendon et al. 1999) . Note that the correct periodicity and zonal scale are expected, since the model specifies durations and spatial structure according to the observed frequency distribution of periods and composites. The main point here is that the spectral peaks are concentrated in eastward-propagating wavenumbers, which is not expected a priori. This demonstrates that the temporal variability represented by transition probabilities correctly simulates the eastward propagation of the MJO.
The observed annual activity of the MJO can be compared with the distribution of events obtained in simulations with the homogeneous stochastic model (Fig. 17) . The historical record (thick solid) shows significant interannual variations and a clear linear increase in the activity of the MJO. Interestingly, a statistical test performed in the observed annual number of MJOs showed a changepoint around 1974 (not shown), which does not coincide with introduction of satellite data in the NNR (1979) . This change in behavior seems to have occurred during the climate shift in the mid1970s (Graham 1994) . Whether this increase is due to improvements in the observational system used in NNR (Kistler et al. 2001) or associated with real changes in the MJO is a topic of high relevance but beyond the scope of this study. In contrast, the ensemble mean number of MJOs per year shows an almost uniform distribution (solid with circles). This happens because the MJO occurs entirely by chance in the homogeneous stochastic model. The number of MJOs per year in the simulations is Gaussian distributed and random variations cancel out in the ensemble mean. The interquartile range and 5th and 95th percentiles of the number of MJOs per year are indicated by the horizontal lines and can be used to identify near-normal, low, and high activity years. For example, 7 MJOs per year are much above the 95th percentile, which suggests that these extreme cases did not occur by chance.
Finally, for each ensemble member, the number of MJOs per year was computed and the linear trend was calculated, which resulted in a sample of 1000 angular coefficients. The angular coefficient of the observed linear trend (y 5 0.0433x 1 2.5113) was compared with the frequency distribution of angular coefficients. This analysis shows that the observed trend in the MJO is significant at 1% level. As mentioned previously, an important question that needs to be further investigated is whether the trend in the MJO is due to improvements in the observational system, a real increase in activity probably associated with decadal changes and global warming in tropical oceans, or a combination of effects.
Discussion and conclusions
This paper presented a homogeneous stochastic model designed to simulate the variability of the MJO. The model consists of three components. The temporal variability of the MJO is represented with a nine-state first-order Markov chain in which state 0 represents quiescent days and states 1-8 are phases of the MJO when it is active. Transition probabilities are estimated based on the historical record of MJO events and sensitivity tests were performed to evaluate the best estimates for a homogeneous model. Once the model simulates time series of phase transitions, composites of convective (OLR) and circulation (U200, U850) anomalies determine the spatial structure of the events. The amplitudes of the MJOs are stochastically generated with an amplitude factor that has a Gaussian frequency distribution; thus, each event can be stronger/weaker than the observed composites. Further extensions in the main algorithm can include additional Gaussian noise to increase the spatial-temporal characterization of the MJO as it propagates eastward. The most important aspect in the current version of the model is the representation of the temporal behavior of the MJO by transition probabilities. The results show that the model simulates the irregularity of the oscillation, which is characterized by isolated and successive MJOs. Model simulations show that frequency distributions of durations of active MJO episodes and quiescent situations are in good agreement with observations. Moreover, since the model is homogeneous, the frequency distribution of active MJO days is nearly uniform throughout the year and the model bias is very small. The homogeneous stochastic model was employed to generate a large sample of MJO occurrences, which was used to test the statistical significance of the observed positive linear trend in the activity of the oscillation. Likewise, the homogeneous model can be used to test hypotheses about normal, low, and high MJO activity years.
The transition probabilities reveal some interesting aspects about the behavior of the MJO that deserve future investigation. Jones and Carvalho (2006) showed that the MJO exhibits regime changes on low-frequency time scales, and the activity of the oscillation has increased in recent years. In this context, the transition probability for an MJO to initiate following the termination of a previous event (P 81 ), that is, a successive event, has increased over the years (Table 1 ). This implies that there is a higher probability for the MJO to cluster in sequences of successive events.
This raises the question whether there are different mechanisms involved in the initiation of primary and successive events. Recently, Matthews (2008) investigated the characteristics of primary and successive MJOs and found that 40% of the MJOs are primary events . Despite differences in methodology, this study is in good agreement, since the percentage of primary events found was ;63% in 1948-2007 and ; 37% in 1974 37% in -2007 37% in . Matthews (2008 found that a suppressed convective anomaly grows and decays over the Indian Ocean preceding the initiation of primary events, and a midtropospheric temperature anomaly destabilizes the atmosphere leading the MJO. This suggests that primary events might be thermodynamically driven by a previous quiescent and dry period. How exactly the continuous warming in the tropical Indian Ocean will impact the MJO is a topic of high relevance.
The analysis of transition probabilities also shows some motivating issues about the MJO as it propagates over the Maritime Continent. A local minimum is found in P ji (Table 2) : P 45 5 0.166 831, P 56 5 0.137 577 and P 67 5 0.140 368. This suggests that the eastward propagation of convective anomalies appears to stall over the Maritime Continent; sometimes appearing as a shift from the far eastern Indian Ocean to the western Pacific. This type of behavior has been discussed in previous studies (e.g., Weickmann 1991). A. Vintzileos and H. L. Pan (2008, personal communication) used the NCEP Climate Forecasting System (CFS) in a series of experiments to investigate the effect of horizontal resolutions on forecasts skills. In particular, they found that the forecast skill of the MJO in the CFS depends on the phase of the oscillation, with the fastest drop in pattern correlations occurring as the MJO approaches the Maritime Continent. Further understanding this predictability barrier of the MJO has important implications, since significant downstream impacts in precipitation extremes FIG. 16 . Wavenumber-period spectra of OLR, U200, and U850 anomalies. Spectra were computed as the ensemble averages of a 25-member simulation. Positive (negative) wavenumbers indicate eastward (westward) propagation. Anomalies were averaged between 158S and 158N before computing the spectra. occur in the Americas as the oscillation enters the western Pacific (e.g., Jones et al. 2004a ).
The present model is being currently modified to nonhomogeneous stochastic versions in which the transition probabilities P ji vary in time and are dependent on large-scale conditions. In this regard, nonhomogeneous stochastic models of the MJO can be potentially used in at least three types of applications. First, empirical relationships between P ji and SST anomalies in the tropical Indian and western Pacific Oceans reveal significant variations on long-term time scales with positive linear trends reflecting global warming (not shown). Therefore, in one application, a nonhomogeneous stochastic model is being used to generate probabilistic ranges of future changes in MJO activity (i.e., number of events per year or decades) based on the Intergovernmental Panel on Climate Change (IPCC) projections of warming in the tropical oceans. The results of that application will be presented in another study.
Likewise, empirical relationships between P ji and SST anomalies in the tropical Indian and western Pacific Oceans indicate significant interannual-to-decadal variations. Thus, homogeneous and nonhomogeneous stochastic models of the MJO can be used to investigate stochastic forcing in ENSO variability. In this regard, the stochastic model presented in this study simulates the irregularity of the MJO, which appears as single isolated events or sequences of successive events with different zonal propagations and durations. These characteristics might be critical to understand the potential role of the MJO in forcing ENSO irregularity. Moreover, since the transition probabilities in nonhomogeneous stochastic models vary in time to reflect changes in the mean state in the tropical Indian and Pacific Oceans, potential feedback mechanisms can be explored. For instance, as a tropical ocean model adjusts to stochastic forcing associated with the MJO, changes in SST anomalies could change P ji and feedback in the behavior of stochastic variability of the MJO. Applications of these nonhomogeneous stochastic models of the MJO also will be presented elsewhere.
Finally, in addition to tropical SST anomalies, empirical relationships can be derived between changes in the transition probabilities P ji and other large-scale variables (e.g., low-level moist static energy, moisture convergence, etc.). Stochastic models similar to the one presented here are being developed for probabilistic forecasts of the MJO and will be presented in a future study.
